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DIFFUSE EMISSION IS CRITICAL FOR DARK MATTER STUDIES



A VIEW OF THE NEXT (TEV) GENERATION FOR DIFFUSE STUDIES

▸ High Angular Resolution 
▸ Point source separation and identification 

▸ Long energy-lever arm (20 GeV — 100 TeV) 
▸ Compare with Fermi: 100 MeV - 100 GeV 

▸ Bifurcation in electron/proton morphology 
▸  

▸  

▸ Difficulties: cosmic-ray background, inhomogeneous 
exposure.

Dproton ∝ Eδ/2

Delectron ∝ Eδ/2−1



THIS TALK: TEV HALOS REQUIRE A NEW APPROACH TO BUILDING THIS MODEL



A QUICK BACKGROUND OF TEV HALOS

▸ TeV Halos (Observationally): 

▸ Bright at TeV energies 

▸ Hard gamma-ray spectrum 

▸ Surround young/middle-
aged pulsars 

▸ Relatively common 

▸ Spatially extended 

▸ Profile is diffusive



DIFFUSION IN TEV HALOS

▸ Emission Profile is 
consistent with particle 
diffusion through the ISM. 

▸ Strong evidence that 
particles are propagating 
through turbulent 
magnetic fields.

▸ But diffusion coefficient 2-orders of magnitude smaller than 
ISM!

Abeysekara et al. (2017; 1711.06223)



STATE OF TEV HALO OBSERVATIONS

▸ TeV Halos (Observationally): 

▸ At least 7 detected systems 

▸ Detected by all instruments 
(HAWC, LHAASO, HESS, 
VERITAS) 

▸ Detected systems are nearby, 
or have high spin down 
power. 



PULSARS AS A BATTERY

▸ If TeV halo power is connected 
to pulsar spin down power, we 
can build a model of the full TeV 
sky. 

▸ This means that many young 
systems should also produce 
even brighter TeV halo activity!



THE DIVIDING LINE BETWEEN THE PWN AND THE TEV HALO
Di Mauro, Manconi, Donato (2019; 1908.03216)

▸ Younger systems produce extended, diffusive halos
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THE DIVIDING LINE BETWEEN THE PWN AND THE TEV HALO
Sudoh, TL, Hooper (2021; 2101.11026)

▸ The youngest systems produce very bright emission 

▸ 8 out of 9 HAWC 
sources above 56 TeV 
are consistent with 
pulsars. 

▸ Most have spectra more 
consistent with leptonic, 
rather than hadronic, 
emission.



THE DIVIDING LINE BETWEEN PWN AND TEV HALOS

▸ In addition to being much larger — the evolution of the TeV 
halo morphology is very different

PWN in the ISM have a radius that 
is proportional to spindown power.

TeV Halos have an extension that is 
inversely proportional to spindown 
power (perhaps, proportional to 
age).



DEFINITION DIFFERENCES

• An alternative definition of a “TeV halo” has been used by 
Giacinti et al. 2019 (1907.12121) 

• Linden et al. (2017) - A TeV halo is a leptonic gamma-ray 
source surrounding a pulsar, where the electrons are 
diffusing through the medium (rather than being driven by 
convective pulsar winds). 

• Giacinti et al. (2019) - A TeV halo is a leptonic gamma-ray 
source surrounding a pulsar, where the emission stems from 
a region where the electron density falls below the ambient 
ISM electron density.  



STATUS OF THE FIELD (THEORY)

▸ This Distinction Creates 
Confusion: 

▸ Key Questions: 

▸ Do pulsars convert a large 
fraction of their spin down 
power to e+e- pairs? 

▸ Do these e+e- cool via 
synchrotron or ICS? 

▸ Are these electrons confined 
near the pulsar? 

▸ Do these electrons dominate 
turbulence in the ISM?



EXAMPLE: THE POSITRON EXCESS

‣ What were the uncertainties in pulsar models? 

‣ I: The e+e- production efficiency? 

‣ II: The e+e- spectrum.

Profumo (0812.4457); Malyshev et al. (0903.1310)



IMPLICATION 3: POSITRON EXCESS

• What were the uncertainties in pulsar models? 

• I: The e+e- production efficiency? 

• II: The e+e- spectrum. 

•

Hooper et al. (2008; 0810.1527)



IMPLICATION 3: POSITRON EXCESS

• TeV Halos answer both of these questions! 

• Can use gamma-ray flux                                                                                                                                   
at the source to                                                                                                                                               
determine the total e+e-                                                                                                       
energy! 

• In agreement with                                                                                                                             
models of the positron                                                                                                                    
excess!

Hooper, Cholis, TL, Fang (2017; 1702.08436) 



PULSARS VS. DARK MATTER IN SPECTRAL PEAKS John & Linden (2021; 2107.10261)

‣ Normalizing this to the 
positron data, we find that 
pulsars produce the 
majority of the positron 
excess. 

‣ We can use this to set 
strong limits on dark matter 
annihilation. 

‣ Better normalization of 
pulsar efficiencies will 
strengthen these limits 
(especially for soft DM 
spectra).



SIDENOTE: FUTURE OF USING SPECTRAL FEATURES FOR DARK MATTER

‣ Previously believed that sharp spectral features in the 
positron spectrum could be produced by either dark matter 
or pulsars.

Turner & Wilczek (1989) Orusa et al. (2021; 2107.06300)



SIDENOTE: FUTURE OF USING SPECTRAL FEATURES FOR DARK MATTER

‣ For pulsars, there is a key error: 
Studies generally use a 
continuous approximation for 
electron energy losses:

‣ But ICS interactions are very 
rare and stochastic. The energy 
after a given time is not 
determined by the initial 
energy.

John & Linden (2022; 2206.04699)



SIDENOTE: FUTURE OF USING SPECTRAL FEATURES FOR DARK MATTER



SIDENOTE: FUTURE OF USING SPECTRAL FEATURES FOR DARK MATTER

‣ For dark matter, the spectral 
cutoff is not produced by 
ICS cooling, but from the 
dark matter mass. 

‣ The stochasticity of cooling 
instead means that some 
particles don’t cool at all, 
enhancing the peak. 

‣ Correctly accounting for ICS 
energy losses makes it 
possible to differentiate 
dark matter and pulsars via 
their positron spectrum.

John & Linden (2023; 2304.07317)



Back to Gamma Rays



TEV HALOS DOMINATE THE DIFFUSE TEV GAMMA-RAY EMISSION

• There is bright diffuse gamma-ray emission across the 
galactic plane. 

• Ratio of point source emission to diffuse emission is a 
powerful marker of emission mechanisms and local 
propagation. 



TEV HALOS DOMINATE THE DIFFUSE TEV GAMMA-RAY EMISSION



Linden & Buckman (2017; 1707.01905)• TeV halos naturally explain 
the spectrum and intensity 
of this emission. 

• Multiple halos observed 
with E-2.0 spectra. 

• Note - “Halo” is not needed 

• Pulsar efficiency ~10% 
• Power must escape PWN 

TEV HALOS DOMINATE THE DIFFUSE TEV GAMMA-RAY EMISSION



• TeV halos naturally explain 
the spectrum and intensity 
of this emission. 

• Multiple halos observed 
with E-2.0 spectra. 

• Note - “Halo” is not needed 

• Pulsar efficiency ~10% 
• Power must escape PWN 
• Recently extend to 100 

TeV energies.

Fang & Murase (2021; 2104.09491)

TEV HALOS DOMINATE THE DIFFUSE TEV GAMMA-RAY EMISSION



• Harder spectrum leptonic emission also improves the fit to 
LHASSO diffuse gamma-ray observations

Zhang et al. (2023; 2305.06948)

TEV HALOS DOMINATE THE DIFFUSE TEV GAMMA-RAY EMISSION



• This process can also be invested to place constraints on the 
electron injection efficiency, maximum energy, and electron 
injection spectrum from Milagro and AS  observations.γ

Yan & Liu (2023; 2304.12574)

TEV HALOS DOMINATE THE DIFFUSE TEV GAMMA-RAY EMISSION



TEV HALOS DOMINATE THE DIFFUSE TEV GAMMA-RAY EMISSION

• On the other hand, 
observations of a bright 
diffuse IceCube neutrino 
flux along the galactic plane 
(hint hint?), would place 
limits on the leptonic 
contribution. 

ANTARES and IceCube Collaboration (2018; 1808.03581)

• Current limits are consistent with a hadronic flux up to 10x 
brighter than Galprop expectations, which would produce a 
significant fraction of the diffuse TeV emission.



GALPROP DIFFUSE EMISSION MODELS

• Current predictions for dark 
matter searches with TeV 
telescopes use 
extrapolations of the Fermi-
LAT diffuse background. 

• Likely to be inaccurate if 
leptonic emission becomes 
dominant.  

• More worrisome: GeV diffuse maps based on cosmic-ray 
propagation models where the local cosmic-ray density 
provides valuable information about the galactic cosmic-
ray density. Unlikely to be true for TeV electrons.



TEV HALOS BREAK GEV GAMMA-RAY DIFFUSE EMISSION MODELS



TEV HALOS BREAK GEV GAMMA-RAY DIFFUSE EMISSION MODELS

• Target models come from gas and dust tracers. 

• CR density comes from Galprop simulations. 

Widmark et al. (2022; 2208.11704)



TEV HALOS BREAK GEV GAMMA-RAY DIFFUSE EMISSION MODELS

• Assume CR propagation is 
homogeneous.  

• Fit data to local AMS-02 observables. 

• But propagation is not homogeneous. 

• Local TeV electrons might not tell you 
anything!

Korsmeier & Cuoco (2016; 1607.06093)



IT’S ABOUT THE SOURCES

Tauris & Manchester (1998)



IT’S ABOUT THE SOURCES



BUT PULSAR SOURCES ARE EVEN MORE PLENTIFUL

‣ Radio pulsars are beamed! 

‣ Beaming fraction is small 

‣ This varies between 15-30%. 

‣ Most pulsars are unseen in radio!

Tauris & Manchester (1998)



BUT PULSAR SOURCES ARE EVEN MORE PLENTIFUL



Sudoh et al. (2019; 1902.08203)

‣ Observations expect 
HAWC to find between 
50-100 sources. 

‣ Only ~1/3 of these will 
surround known radio 
pulsars.

BUT PULSAR SOURCES ARE EVEN MORE PLENTIFUL



IMPLICATION 4: POSITRON EXCESS



OPEN QUESTION 1: MSP TEV HALOS

‣ Do MSPs Have TeV Halos? 

‣ Tentative: 4.24σ evidence from 
a HAWC stacking analysis, 

‣ Using blank sky locations to test 
the non-Poissonian nature of the 
background, we still find that 
fewer than 1% of locations 
yielded the same significance as 
the MSP population.

Hooper, TL (2021; 2104.00014)



OPEN QUESTION 1: MSP TEV HALOS

‣ Important theoretical implications: 

‣ MSPs are a cleaner system than young pulsars  

‣ Cosmic-Ray confinement driven by pulsar only? 

‣ New Insights into cosmic-ray diffusion at high latitudes 

‣ Does a high latitude pulsar produce a larger halo?

Hooper, TL (2021; 2104.00014)



OPEN QUESTION: MSP HALOS AND THE GALACTIC CENTER EXCESS

‣ Assume MSPs in the 
galactic center produce a 
similar fraction of TeV/GeV 
emission 

‣ Any MSP pulsar population 
bright enough to produce 
the GCE would 
overproduce the TeV 
diffuse gamma-ray emission  
observed by HESS 

Hooper, TL (2018; 1803.08046)

‣ Constraint likely even stricter. MSPs in the Galactic center 
would not have to confine the electrons to produce diffuse 
ICS emission.  



OPEN QUESTION: MSP HALOS AND THE GALACTIC CENTER EXCESS

‣ With HESS, you might be 
able to model build around 
this: 

‣ MSP emission only a 
factor of a few too high 

‣ Only within 0.5 degrees, 
which may have unusual 
dynamics.

Keith et al. (2022; 2212.08080)

‣ CTA will definitively test an MSP origin of the galactic center 
excess in models where MSPs produce bright TeV emission. 



BUILDING THE TEV DIFFUSE MODEL - WHAT IS THE PHYSICS OF TEV HALOS?

▸ Models to Explain Inhibited 
Diffusion: 

▸ Diffusion Coefficient in 
TeV halos:                           
~1028 cm2 s-1 at 10 TeV 

▸ Average diffusion 
coefficient in Milky Way:                                       
~1030 cm2s-1 at 10 TeV

Abeysekara et al. (2017; 1711.06223)

Trotta et al. (2010, 1011.0037)



▸ Models to Explain 
Inhibited Diffusion: 

▸ Pre-Existing Regions of 
Low Diffusion 

▸ Reasonable when only 
Geminga and 
Monogem were 
detected - but not now.

Abeysekara et al. (2017; 1711.06223)

Abeysekara et al. (2017; 1711.06223)

BUILDING THE TEV DIFFUSE MODEL - WHAT IS THE PHYSICS OF TEV HALOS?



▸ Models to Explain Inhibited 
Diffusion: 

▸ One-Dimensional Diffusion 

▸ If magnetic field were 
pointed towards Earth, then 
you would not see significant 
transverse diffusion. Diffusion 
would “look” inhibited.

Liu, Yan, Zhang (2019; 1904.11536)

BUILDING THE TEV DIFFUSE MODEL - WHAT IS THE PHYSICS OF TEV HALOS?



WHAT IS THE PHYSICS OF TEV HALOS?

▸ Models to Explain Inhibited 
Diffusion: 

▸ One-Dimensional Diffusion 

▸ Magnetic fields must be 
pointed along line of sight - 
unlikely if many halos 
detected.

De la Torre Luque et al. (2022; 2205.08544)



WHAT IS THE PHYSICS OF TEV HALOS?

▸ Models to Explain Inhibited 
Diffusion: 

▸ Transition from Ballistic 
Propagation 

▸ If particles are moving in 
direct line towards us - 
parallel diffusion appears 
suppressed.

Recchia et al. (2021; 2106.02275)

Bao, Fang & Bi (2021; 2107.07395)



WHAT IS THE PHYSICS OF TEV HALOS?

▸ Models to Explain Inhibited 
Diffusion: 

▸ Transition from Ballistic 
Propagation 

▸ However, necessary 
efficiency for conversion 
of spin down power to 
e+e- is much higher than 
100%.

Recchia et al. (2021; 2106.02275)

Bao, Fang & Bi (2021; 2107.07395)



WHAT IS THE PHYSICS OF TEV HALOS?

▸ Models to Explain 
Inhibited Diffusion: 

▸ The Pulsar/SNR could 
actively inhibit local 
diffusion

Evoli, TL, Morlino (2018; 1807.09263)

Mukhopadhyay & TL (2021; 2111.01143)



WHAT IS THE PHYSICS OF TEV HALOS?

▸ Many uncertainties in these models: 

▸ Role of Supernova Remnant 

▸ Disruption by molecular gas/
magnetic fields 

▸ Pulsar Proper Motion

Evoli, TL, Morlino (2018; 1807.09263)

Mukhopadhyay & TL (2021; 2111.01143)

Fang et al. (2019; 1903.06421)

▸ 1D vs. 3D diffusion 

▸ non-Resonant Terms 

▸ Halos in close proximity

Kalapotharakos et al. (2017; 1710.03170)



IMPLICATIONS FOR DARK MATTER

▸ Dark matter studies require accurate diffuse emission 
models. 

▸ TeV models are expected to be very different than GeV 
models.

Widmark et al. (2022; 2208.11704)



SOURCES PROVIDE THE ANSWER

▸ Pulsar catalogs provide an 
answer: 

▸ >3000 pulsars (>15000 
expected from SKA) 

▸ Specific locations, ages, 
and spin down powers 

▸ Translates directly into 
local diffusion model in 
streaming instability 
models.



PUTTING IT TOGETHER

▸ First attempts at this 
approach. 

▸ Decreasing diffusion in 
the spiral arms produces 
better fits to GeV 
gamma-ray data 

Jóhannesson et al. (2019.1903.05509)

Gaggero et al. (2014; 1411.7623)



PUTTING IT TOGETHER

▸ Galprop models 
illustrate the 
problem. 

▸ Adding sources 
produces huge 
residuals in TeV 
leptonic maps. 

▸ Need to know 
where the sources 
go and how they 
work to solve this.

Porter et al. (2019; 1909.02223)



CONCLUSIONS - TEV GAMMA-RAY MODELING

▸ Leptons are likely a dominant diffuse emission 
component at TeV energies.  

▸ Standard methods of building a diffuse model fail for 
TeV leptons. 

▸ The solution is the sources 

▸ Radio/Gamma-Ray Observations of Pulsars 

▸ Theoretical models to transfer information about 
pulsar age/spindown power/environment into 
information about local diffusion.



Extra Slides


